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tion	connectivity.	This	study	examined	the	population	structure	of	P. diacanthus across 
north-	western	Australia	using	three	complementary	methods:	genetic	variation	in	mi-
crosatellite	markers,	otolith	elemental	composition	and	parasite	assemblage	composi-
tion.	 The	 genetic	 analyses	 demonstrated	 that	 there	 were	 at	 least	 five	 genetically	
distinct	populations	across	the	study	region,	with	gene	flow	most	likely	restricted	by	
inshore	biogeographic	barriers	such	as	the	Dampier	Peninsula.	The	otolith	chemistry	
and	 parasite	 analyses	 also	 revealed	 strong	 spatial	 variation	 among	 locations	within	
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1  | INTRODUCTION
Nearshore	 coastal	 ecosystems	 provide	 an	 important	 source	 of	 food	
for	 human	populations,	 supporting	 90%	of	 the	 global	wild	 fish	 har-
vest	 whilst	 accounting	 for	 only	 7%	 of	 the	 ocean	worldwide	 (Pauly	
et	al.,	2002).	As	global	demand	for	seafood	increases,	many	exploited	
species	 in	 these	 regions	have	declined	and	 large	numbers	of	 fisher-
ies	are	currently	 fished	at	unsustainable	 levels	 (Jackson	et	al.,	2001;	
Smith	et	al.,	2010).	Sustainable	management	of	exploited	fish	popu-





similar	 growth	 rates	 and	 rates	 of	 natural	 and	 non-	natural	mortality;	
and	may	react	more	or	less	independently	to	harvesting	(Cadrin,	Kerr,	
&	Mariani,	2013).
Methods	 for	delineating	 stocks	have	advanced	considerably	 in	
recent	 years	 and	 include	 genetic	 techniques,	 acoustic	 telemetry,	
tagging,	otolith	chemistry,	demographic	analysis,	otolith	shape	and	
meristic	data	 (Hawkins	et	al.,	 2016).	Genetic	 approaches	 speak	 to	
both	 inter-	and	 intragenerational	 timescales	as	 they	track	 the	 life-	
history	 stages	 of	 the	 fish	 (i.e.,	 from	 fertilized	 eggs	 to	 adults)	 that	






makes	 it	 possible	 to	 overcome	 many	 of	 the	 limitations	 of	 single	
technique	approaches	and	greatly	strengthens	the	 inference	avail-
able	 from	 stock	 structure	 studies	 (Abaunza	 et	al.,	 2008;	 Begg	 &	
Waldman,	1999;	Lleonart	&	Maynou,	2003;	Waldman,	1999;	Welch	
et	al.,	2009,	2015).	As	an	example,	 Izzo	et	al.	 (2017)	used	an	 inte-
grated	approach	to	reveal	four	stocks	of	the	sardine	Sardinops sagax 
in	 Australian	 waters	 when	 it	 was	 previously	 considered	 a	 semi-	
continuous	meta-	population.
Fishes	 of	 the	 family	 Sciaenidae,	 commonly	 known	 as	 croakers,	
are	 important	 components	 of	 commercial,	 recreational	 and	 indige-
nous	fisheries	in	tropical	and	temperate	regions	worldwide	(Lenanton	
&	Potter,	 1987).	They	 are	 targeted	 for	 their	 flesh	 and,	 increasingly,	




spotted	 croaker	 Protonibea diacanthus	 (Lacapede,	 1802)	 is	 a	 large	
species	 (>1.5	m	max.	 total	 length;	 up	 to	 42	kg	mass)	 that	 is	widely	
distributed	 throughout	 coastal	waters	 and	 estuaries	 of	 the	 tropical	
Indo-	West	Pacific	 (Sasaki,	2001).	 In	Australia,	 it	 is	distributed	along	
the	 northern	 coast	 from	 Shark	 Bay,	 Western	 Australia	 to	 Hervey	
Bay,	Queensland	 (Bray,	2011).	The	 species	grows	 rapidly	 and	has	 a	
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of	the	species	across	north-	western	Australia	with	the	expectation	of	
spatially	 distinct	 stocks,	which	would	 be	 consistent	with	 the	 obser-
vation	of	localized	depletion.	Moreover,	we	aimed	to	test	the	expec-









2  | MATERIAL AND METHODS
2.1 | Samples
A	total	of	298	fish	were	collected	from	11	sampling	locations	across	
north-	western	 Australia	 from	 Roebuck	 Bay	 (Western	 Australia)	 to	
the	Vanderlin	Islands	in	the	Gulf	of	Carpentaria	(Northern	Territory)	
(Figure	1,	Table	1).	The	decline	of	 the	species	 (Phelan,	2002)	meant	
that	 samples	 could	 not	 be	 obtained	 from	 north-	eastern	 Australia.	
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DNA	extracts	were	quantified	using	the	Qubit	v3	(ThermoFisher)	flu-
orometric	machine.	Eleven	species-	specific	microsatellite	loci	(Prd012, 
Prd023, Prd044, Prd042, Prd018, Prd045, Prd046, Prd020, Prd036, 
Prd049, Prd024)	were	genotyped	across	all	the	samples	as	part	of	mul-
tiplexes	as	described	in	Taillebois	et	al.	(2016).
The	 potential	 for	 null	 alleles,	 large	 allele	 dropout	 and	 stuttering	
to	 interfere	with	 scoring	 accuracy	was	 checked	 for	 each	microsatel-
lite	 locus	 in	 each	 sample	 using	MICROCHECKER	version	 2.2.3	 (Van	
Oosterhout,	 Hutchinson,	Wills,	 &	 Shipley,	 2004).	 Summary	 statistics	
for	microsatellite	 loci,	 including	the	number	of	alleles,	allelic	richness,	
expected	 and	 observed	 heterozygosity	 and	 fixation	 indexes,	 were	
obtained	 for	 each	 sampling	 location	 using	 GENALEX	 version	 6.502	
(Peakall	&	Smouse,	2006).	Tests	of	conformance	of	genotypic	propor-
tions	 to	 Hardy-	Weinberg	 equilibrium	 expectations	 were	 carried	 out	













tering	 approaches	were	 used.	 Population	 assignment	 and	 clustering	




available in the adegenet	package	(Jombart,	2008)	for	R	version	3.3.1	
(R	Core	Team,	2017)	was	also	used.	An	hierarchical	approach	was	sub-
sequently	 taken	 to	explore	potential	 substructure	within	 the	groups	
revealed by the STRUCTURE broad- scale analysis. The hierarchical 
analyses	were	 also	 performed	 using	 STRUCTURE.	Methodology	 for	
STRUCTURE	and	DAPC	is	detailed	in	Appendix	A1	in	Appendix	S1.
To test alternate post hoc	observations	of	genetic	structure		revealed	
by	 our	 different	 approaches,	 we	 assessed	 the	 per	 cent	 of	 	genetic	
	variance	explained	by	the	groupings	deduced	from	STRUCTURE	and	
DAPC	 results	 using	 an	 analysis	 of	 molecular	 variance	 (AMOVA)	 as	
	implemented	 in	 ARLEQUIN.	 The	 significance	 of	 any	 differentiation	
was	determined	by	permutation	of	22,000	replicates.











margin.	 The	 near	 core	 area	 is	 located	 just	 outside	 the	 first	 opaque	
zone ~500 μm	from	the	core	of	the	otolith	and	represents	the	 juve-
nile	phase;	and	the	otolith	margin	(edge)	was	sampled	adjacent	to	the	
sulcus acusticus	to	represent	growth	in	the	period	prior	to	capture.	A	






timate the element:43Ca ratio. These ratios were converted to molar 
TABLE  1 Details	of	the	11	sampled	locations	of	Protonibea diacanthus	across	northern	Australia
Jurisdiction Sampling location Prefix Sample size Collection date Mean TL Mean age
Western 
Australia
Roebuck	Bay RB 36 Jul,	Aug,	Oct,	Nov	2014–May,	Jun,	Jul,	
Aug	2015
1,018	(720–1,199) 6	(2–10)	(34)
Camden Sound CS 20 Sep,	Oct	2013 647	(520–920) 3	(3–4)	(4)
Wyndham Wy 34 May,	Jun	2015 1,061	(804–1,300) 5	(3–8)	(26)
Northern 
Territory
Wadeye Wa 25 Jun,	Nov	2014 789	(540–1,160) 3	(2–5)	(17)
Peron	Islands PI 29 May	2015 N/A 4	(3–5)	(13)
Offshore Darwin OD 17 Oct,	Dec	2012–Jul,	Sep	2013–Mar	2014 608	(395–1,150) 3	(2–4)	(8)
Bathurst	Island BI 28 Nov	2013–Sep,	Nov	2014–Aug,	Sep	
2015
981	(387–1,235) 6	(4–8)	(19)
Melville	Island MI 30 Aug	2012–Sep,	2013–Apr,	Aug	2015 646	(405–1,170) 2	(2–5)	(26)
Maningrida Ma 30 Aug	2014–Jun,	Jul	2015 746	(420–1,210) 3	(2–5)	(17)
Arafura	Sea AS 20 Jul	2013 N/A 2	(2–3)	(10)
Vanderlin	Islands VI 29 Feb	2014 592	(440–770) 2	(2–3)	(25)
Mean	total	length	(TL)	is	expressed	in	mm	and	age	in	years.	Range	of	length	and	age	are	indicated	in	brackets	after	the	mean.	Number	of	fish	aged	is	itali-
cized	in	brackets	after	the	range.














separation	 among	 sites.	 We	 subsequently	 combined	 the	 data	 for	
direct	and	 indirect	parasites	 for	 the	 final	analyses,	as	 this	provided	
















easily	 identified	 and/or	 accurately	 counted	 (MacKenzie	 &	 Abaunza,	
1998).
The	 otolith	 and	 parasite	 data	were	 broken	 down	 into	 three	 geo-
























samples	 contain	 individuals	 of	 different	 ages.	 All	 parasite	 species	
that	were	selected	on	prevalence	were	examined	for	 their	correla-





Spatial	 variation	 in	 parasite	 assemblages	 and	 the	 otolith	 near	
core	and	margin	chemistry	among	regions	and	 locations	within	 re-
gions	were	 investigated	 separately	 using	 single-	factor	multivariate	
analysis	of	variance	 (MANOVA).	 Linear	discriminant	 function	 anal-
ysis	 (LDFA)	was	 conducted	 to	provide	 a	 statistical	 and	visual	 indi-
cation	of	 the	similarities	of	either	 the	parasite	communities	or	 the	
multi-	elemental	otolith	microchemical	signatures	among	samples	at	
the	regional	spatial	scale	using	the	MASS	package	in	R	(Venables	&	
Ripley,	 2002).	 LDFA	 classification	 success	 rates	 and	 an	 associated	
proportional	 chance	 criterion	 (the	 expected	 proportion	 of	 correct	
classification	 by	 chance	 alone)	 were	 calculated	 (Poulin	 &	 Kamiya,	
2015)	for	each	location	within	the	regions.	To	show	the	separation	
achieved	 for	 the	 groups	 in	 the	 analysis,	 the	 first	 two	 discriminant	
functions	for	each	individual	were	plotted	and	the	95%	confidence	




assemblages,	 and	 the	 otolith	 elemental	 concentrations	 in	 the	 near	
core	and	the	margin,	we	performed	a	Mantel	test	of	the	Jaccard	dis-
similarity	using	the	mean	differences	in	number	and	concentrations,	




approach	 across	 all	 fish	 for	 otoliths	 and	parasites.	Classes	 and	pos-
terior	 probabilities	 were	 calculated	 by	 jackknife	 cross-	validation	 to	
assign	 individuals	 to	most	 probable	 locations	within	 each	 region.	 In	
a	 couple	 of	 locations	where	 the	 genetic	 structure	 gave	 evidence	of	
genetic	heterogeneity	within	locations,	STRUCTURE	was	used	to	cal-
culate	posterior	probabilities	and	assign	individuals	to	most	probable	






als of P. diacanthus.	The	level	of	missing	data	was	low	(2.15%)	and	as	
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from	5	 (Prd046)	 to	21	 (Prd012)	 (Appendix	B3	 in	Appendix	S2).	 The	
data	were	 free	of	 scoring	errors	as	evaluated	by	MICROCHECKER.	
Genotypes	were	rescored	and	corrected	until	there	was	no	evidence	
of null alleles at these or other locations and loci. Deviations from 
Hardy-	Weinberg	proportions	(HWP)	were	detected	14	times	(p- value 
<.05 for Prd044	at	RB,	Prd023	at	RB,	Wa	and	BI,	Prd042 at OD, Prd012 
at	Wa	and	Ma,	Prd018	at	CS	and	Ma,	Prd020	at	PI,	OD	and	AS,	Prd036 
at	RB	and	Prd024	at	PI)	out	of	the	121	tests	performed	for	each	locus	




to	high	 for	all	 loci	 across	all	 locations	 (0.659	±	0.179,	Appendix	B3	
in	Appendix	S2)	and	generally	similar	to	expectations	for	marine	fish	
	(approximately	0.7,	DeWoody	&	Avise,	2000).
Four	 distinct	 populations	were	 identified	 using	Bayesian	model-	
based	clustering	methods.	The	optimum	number	of	genetic	 clusters	
returned	by	∆K in STRUCTURE was 5 without LOCPRIOR	and	3	with	
LOCPRIOR. The LOCPRIOR	parameter	enhanced	the	population	struc-
ture	pattern	(Appendix	B4	in	Appendix	S2);	hence,	the	following	re-








tions	 because	 of	 their	 geographic	 distance	 (Figure	2a).	 Independent	
investigations	 of	 hierarchical	 structure	 within	 the	 northern	 group	
	Wy-	Wa-	PI-	OD-	BI-	MI-	Ma	 and	 within	 the	 Gulf	 locations	 AS-	VI	 did	
not	 	reveal	 further	 substructure	within	 those	 two	groups	 (Figure	2a).	
Overall,	the	groups	favoured	by	STRUCTURE	were	the	following	four:	
RB,	CS,	Wy-	Wa-	PI-	OD-	BI-	MI-	Ma,	AS-	VI.
In successive K-	means	 clustering	 using	 find.clusters in R, the 
Bayesian	 Information	Criterion	 (BIC)	 showed	an	 initial	 sharp	decline	
in values until K	=	5	after	which	BIC	values	 increased	 (Figure	2b).	To	
match	 the	 number	 of	 genetic	 clusters	 revealed	 by	 find.clusters, the 
individuals	were	partitioned	 into	five	groups	of	 locations	that	would	
take	 into	 account	 the	 genetic	 structure	 previously	 highlighted	with	
STRUCTURE.	The	Gulf	of	Carpentaria	locations	AS	and	VI	were	here	
split	 based	on	 their	 geographic	 distance.	The	 five	 groups	 used	 as	 a	
prior	in	the	DAPC	were	as	follows:	RB,	CS,	Wy-	Wa-	PI-	OD-	BI-	MI-	Ma,	













and	 2.28%	 (p-	value	=	.000)	 of	 the	 total	 genetic	 	variation.	 As	 both	
	scenarios	explained	very	similar	among	group		genetic	variation,	they	
are	both	likely	to	represent	biological	population	structure.	However,	
the	 4-	group	 scenario	 revealed	 by	 STRUCTURE	will	 be	 used	 in	 the	
	discussion,	as	it	is	the	result	of	unsupervised	analyses,	which	was	not	
the	case	for	DAPC.
The	pairwise	FST values confirmed some of the results found with 








formed	 an	 undifferentiated	 group	where	 only	 three	 of	 42	 pairwise	




coefficient r	 between	 the	genetic	 and	geographic	distance	matrices	
was	 equal	 to	0.655	 (coefficient	 of	 determination	 r2 =	.429)	 and	was	
statistically	 significant	 (p-	value	=	.001).	 There	 was	 a	 linear	 relation-
ship	between	FST/(1	−	FST)	and	geographic	distances	(Figure	3).	Thus,	
fish	from	nearby	locations	tended	to	be	genetically	more	similar	than	
expected	 by	 chance	 and	 genetic	 differences	 increased	 linearly	with	
distance. There was no correlation between the mean elemental 






dances)	 provided	 further	 information	 about	 population	 structure	 in	
P. diacanthus	 and	 information	 on	 the	 individuals’	 life	 history.	Of	 the	
11 elements measured, concentrations of 7Li, 25Mg,	55Mn,	60Ni, 63Cu, 
66Zn, 88Sr and 138Ba	in	the	near	cores	and	margins	of	P. diacanthus oto-
liths	were	measured	above	the	LOD	in	a	total	of	286	fish	(Appendix	
B1	 in	Appendix	S2).	A	 total	of	291	P. diacanthus	were	examined	 for	
the	 parasitology	 component	 of	 this	 study.	 Overall,	 all	 fish	were	 in-
fected	with	at	least	one	parasite	individual	and	a	total	of	44	different	










scale	 regions	 (Western,	 Darwin,	 Arnhem/Gulf)	 and	 among	 locations	




by	chance	 (9%	for	 the	otolith	and	10%	for	 the	parasites),	 suggesting	







by	 chance	 was	 higher	 when	 all	 sites	 were	 analysed	 simultaneously	
(Table	4,	 Figure	4).	 Similar	 to	 the	 otolith	 chemistry	 analysis,	 separa-
tion	of	 the	analyses	 into	 regions	 increased	 reclassification	success	 in	
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near	 core	 and	margin,	 and	 there	was	 no	 evidence	of	matching	pat-
tern	of	mis-	assignment	(Appendix	B5	in	Appendix	S2).	Fish	that	were	
mis-	assigned	using	 the	near	 core	were	not	necessarily	mis-	assigned	




and	AS	where	 only	 the	margins	 had	 higher	 classification	 rates	 than	



































r = 0.655 
r  = 0.429 





Source, error df Pillai’s trace F
Otolith Parasite Margin Near Core Parasite Margin Near Core Parasite
Among	region 80, 2, 200 10, 278 1.80 1.04 4.24 7.973*** 4.101*** 6.58***
Among	locations	within	the	Western	region 24, 291 3,	111 1.11 0.88 2.07 7.120*** 5.006*** 8.748***
Among	locations	within	the	Darwin	region 32,	468 4, 117 1.08 0.72 1.61 5.392*** 3.203*** 3.03***
Among	locations	within	the	Arnhem/Gulf	
region
24, 294 3,	103 1.27 0.59 2.28 8.992*** 2.997*** 12.807***
df	is	the	degree	of	freedom.
***Indicates a p<.001.
TABLE  2 Pairwise	FST estimates based on 11 microsatellite data from 284 individuals of Protonibea diancanthus	among	(a)	11	sampling	
locations
RB CS Wy Wa PI OD BI MI Ma AS VI
RB 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
CS 0.033 0.096 0.089 0.000 0.064 0.014 0.006 0.008 0.001 0.012
Wy 0.029 0.006 0.542 0.008 0.974 0.008 0.817 0.532 0.000 0.000
Wa 0.033 0.009 −0.001 0.385 0.991 0.743 0.984 0.806 0.002 0.069
PI 0.035 0.029 0.009 0.000 0.544 0.009 0.229 0.265 0.000 0.000
OD 0.030 0.014 −0.009 −0.012 −0.002 0.822 0.984 0.975 0.138 0.515
BI 0.035 0.016 0.010 −0.003 0.011 −0.005 0.574 0.091 0.000 0.007
MI 0.033 0.014 −0.004 −0.009 0.001 −0.012 −0.002 0.695 0.001 0.095
Ma 0.034 0.019 −0.001 −0.004 0.002 −0.011 0.007 −0.004 0.039 0.044
AS 0.054 0.021 0.022 0.018 0.030 0.007 0.031 0.017 0.011 0.020
VI 0.048 0.014 0.015 0.007 0.016 −0.001 0.013 0.004 0.009 0.011  
Lower	diagonal,	FST	estimates;	upper	diagonal,	p-	values	of	the	corresponding	FST	estimate,	the	comparisons	that	differed	significantly	from	zero	(p<.05)	are	
shaded	in	grey,	the	ones	that	differed	after	Bonferroni	correction	(p<.0045)	are	in	bold.	Location	prefixes	follow	Table	1.






the	 genetics,	 fish	3167	 and	3540	were	 also	mis-	assigned	using	 the	
near	core	and	the	parasites,	respectively	(Table	5).	Assuming	parasites	
and	 otolith	 margins	 provide	 information	 about	 postlarval	 develop-
ment;	and	near	core	and	genetic	provide	information	about	the	loca-
tion	of	early	stage	development,	we	tested	the	hypotheses	that	otolith	
near	core	would	correspond	 to	 the	genetics;	 and	 that	parasites	and	






In	 this	 study,	 the	 combined	 application	 of	 genetic	 markers,	 otolith	
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independent	lines	of	evidence	and	considerable	power	to	detect	the	
highly	complex	population	structure	of	P. diacanthus across northern 
Australia.	 Relatively	 few	 studies	 to	 date	 have	 used	 this	 integrated	
approach	to	investigate	population	structure	and	connectivity	or	for	














4.1 | Site fidelity and dispersal
Whilst	the	results	of	this	study	suggest	high	levels	of	site	fidelity	after	
larval settlement for P. diacanthus	based	on	the	fine-	scale	population	
structure,	it	should	be	noted	that	there	was	overlap	in	the	multivariate	
analyses	of	parasite	assemblage	compositions	and	otolith	elemental	
signatures	between	some	 locations	 that	potentially	 reflect	dispersal	
by	a	proportion	of	 juvenile	or	 adult	 fish.	 Similar	 to	 the	 IBD	pattern	
observed	in	the	genetic	analyses,	the	correlation	between	geographic	
distance	 and	parasite	 assemblage	diversity	 showed	a	decline	 in	 the	
similarity	 of	 parasite	 assemblages	with	 increasing	 distance.	 The	 ge-
netic	IBD	pattern	indicates	that	reproduction	is	more	likely	to	occur	
between	 individuals	 in	 the	 same	 location.	 The	 positive	 correlation	
between	distance	and	parasite	assemblage	dissimilarity	could	be	 in-
terpreted	 in	 a	 similar	 manner,	 suggesting	 that	 parasites	 are	 shared	
by	the	dispersal	of	fish	within	and	among	neighbouring	populations,	
which	may	be	responsible	for	the	relative	similarity	of	neighbouring	
locations.	 Alternatively,	 it	may	 be	 that	 similarity	 in	 parasite	 assem-
blages	among	neighbouring	sites	is	driven	by	(i)	dispersal	of	parasites	
independent	of	P. diacanthus	movement	(e.g.,	via	other	hosts);	(ii)	the	
spatial	 distributions	 of	 the	 endemic	 areas	 of	 the	 different	 parasite	
species	(MacKenzie	&	Abaunza,	1998);	or	(iii)	habitat	preferences	of	





In	 the	 case	 of	 otolith	 chemistry,	 overlap	 in	multi-	elemental	 sig-
natures	 among	 locations	 is	 likely	 to	 be	 driven	 by	 local	 geochemical	










given	 the	weight	of	evidence	across	 the	other	 techniques	 (parasites	
and	genetics)	of	location	fidelity	and	limited	dispersal.	Rather,	the	mis-
classification	of	individuals	to	distant	locations	appears	to	be	due	to	
the	 high	 number	 of	 locations	 relative	 to	 the	 limited	 number	 of	 ele-
ments	that	contributed	to	location	separation	in	the	discriminant	func-
tion	analysis.	Similar	overlap	and	misclassification	in	otolith	chemical	













Margin Near core Parasites
% Correct % Correct % Correct
(a)	Among	regions
All	Locations 286 54	(9) 31	(9) 67	(10)
(b)	Within	the	Western	region
Roebuck	Bay 34 76 50 86
Camden Sound 18 67 61 95
Wyndham 30 77 73 68
Wadeye 24 58 42 80
Total 106 71	(26) 57	(26) 81	(26)
(c)	Within	the	Darwin	region
Wadeye 24 33 38 56
Peron	Islands 29 93 62 73
Offshore 
Darwin
17 12 18 65
Bathurst	Island 27 63 48 43
Melville	Island 29 62 41 50
Total 126 57	(21) 44	(21) 56	(21)
(d)	Within	the	Arnhem/Gulf	region
Melville	Island 29 79 41 80
Maningrida 30 47 40 90
Arafura	Sea 20 95 25 90
Vanderlin	
Islands
28 82 43 97
Total 107 74	(26) 38	(26) 89	(26)
Data	are	presented	as	the	%	of	individuals	that	reclassify	to	their	collection	
location.	 Poulin	 and	 Kamiya’s	 (2015)	 proportional	 chance	 criterion	 is	
shown	in	bracket	after	the	total	classification	success	within	each	region.
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TABLE  5 Assignments	of	Protonibea diacanthus	individuals	between	Roebuck	Bay	(RB)	and	Camden	Sound	(CS)	locations	based	on	a	
Bayesian	approach	for	the	genetics,	otolith	near	core	and	margin	and	parasites
Sample Size (mm) Sampling location
Genetics Near Core Margin Parasites
Assigned location Assigned location Assigned location Assigned location
2504 623 CS CS RB CS CS
2505 580 CS CS CS CS RB
2506 827 CS CS RB CS CS
2508 594 CS CS CS CS CS
2509 638 CS CS CS CS CS
2510 524 CS CS CS CS CS
2511 539 CS CS CS CS RB
2512 920 CS CS RB CS CS
2513 905 CS CS CS CS RB
2514 595 CS CS CS CS CS
2516 565 CS CS CS CS CS
2517 631 CS CS CS CS CS
2518 649 CS CS RB CS CS
2519 671 CS CS RB CS CS
2520 601 CS CS RB CS CS
2521 634 CS CS RB CS CS
2522 673 CS CS CS CS CS
2523 520 CS CS CS CS CS
2507 650 CS NA NA NA CS
2515 595 CS NA NA NA CS
3518 720 RB RB RB CS CS
3539 1,114 RB RB CS CS RB
3540 1,140 RB CS RB CS RB
3545 1,019 RB RB RB CS RB
3521 1,057 RB RB NA NA RB
3523 835 RB RB NA NA RB
3530 1,030 RB RB RB NA RB
3167 1,040 RB CS CS RB RB
3168 1,009 RB RB RB RB RB
3169 1,005 RB CS RB RB RB
3170 1,010 RB RB CS RB RB
3171 1,055 RB NA RB RB RB
3172 975 RB NA RB RB RB
3173 1,100 RB NA RB RB RB
3174 1,000 RB NA RB RB RB
3519 910 RB RB RB RB RB
3520 1,050 RB RB RB RB RB
3522 1,104 RB RB RB RB RB
3524 892 RB RB RB RB RB
3525 1,035 RB RB CS RB RB
3526 1,090 RB RB RB RB RB
3527 1,135 RB RB RB RB RB
3528 1,136 RB RB RB RB RB
3529 810 RB RB RB RB CS
(Continues)
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after	the	juvenile	phase	accounts	for	some	the	reduced	classification	
success	 in	the	near	core	analyses.	Yet	despite	the	potential	 for	vari-
ability	 among	 fish	 of	 different	 ages	within	 a	 location,	 our	 analyses	
consistently	 revealed	 highly	 significant	 spatial	 differences	 in	 otolith	











4.2 | Population structure and connectivity
At	broader	spatial	scales,	the	genetic	analyses	revealed	the	existence	
of	major	discontinuities	along	the	north-	western	Australian	coastline,	
resulting	 in	several	genetically	discrete	populations	of	P. diacanthus. 
This	 finding	 is	 based	 on	mixed	 age	 samples,	 and	we	would	 predict	
stronger	spatial	structuring	 if	mature	 fish	were	collected	on	spawn-
ing	 grounds.	Major	 genetic	 breaks	 distinguished	 populations	 at	 RB,	
CS,	a	homogenous	group	of	locations	in	the	Northern	Territory	(from	








ern	 coastline	 of	 Western	 Australia	 may	 influence	 the	 population	
genetic	structure	of	P. diacanthus	across	its	range.	The	tidal	regime,	the	
composition	of	the	substrate	and	the	extent	of	the	riverine	network	
influence	 the	 size	 of	 the	mangrove	 communities	 in	 this	 area.	Thus,	








benthic	habitats	 (e.g.,	 from	coral	reefs	 in	the	north	to	soft	substrate	
communities	in	the	south).	This	barrier	also	coincides	with	a	prominent	
increase in tidal currents and associated water turbidity to the north. 















studies	on	threadfin	species	(E. tetradactylum and Polydactylus macro-
chir)	also	reported	a	strong	east-	west	phylogeographic	break	between	
RB	and	populations	of	Van	Diemen	Gulf	or	in	the	Gulf	of	Carpentaria	
(Horne,	 Momigliano,	 Welch,	 Newman,	 &	 van	 Herwerden,	 2011;	
Horne,	Momigliano,	Welch,	Newman,	&	Van	Herwerden,	2012),	but	
Sample Size (mm) Sampling location
Genetics Near Core Margin Parasites
Assigned location Assigned location Assigned location Assigned location
3531 1,095 RB RB RB RB RB
3532 1,100 RB RB RB RB RB
3533 1,182 RB RB RB RB RB
3534 899 RB RB RB RB RB
3535 980 RB RB CS RB RB
3536 930 RB RB RB RB RB
3537 988 RB RB RB RB RB
3538 1,199 RB RB CS RB RB
3541 984 RB RB RB RB RB
3542 1,012 RB RB CS RB RB
3543 870 RB RB RB RB RB
3544 1,152 RB RB CS RB RB
TABLE  5  (Continued)
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lacked	intermediate	sampling	between	these	locations	that	may	have	
identified	 a	 Kimberley-	Canning	 break.	 Similarly,	 a	 genetic	 study	 on	
grey	mackerel	 (Scomberomorus semifasciatus)	 highlighted	 the	 distinc-
tiveness	between	Western	Australia	(Pilbara	region	to	the	south	of	the	
Canning)	 and	 the	Northern	Territory,	 but	 again	 lacked	 intermediate	
sampling	(Broderick	et	al.,	2011).
The	 samples	 from	 of	Wy	 at	 the	 mouth	 of	 the	 Cambridge	 Gulf	
within	 the	broader	Joseph	Bonaparte	Gulf	 (JBG)	were	distinct	 from	
CS	 in	 the	Kimberley	 region.	The	hydrodynamics	 of	 the	JBG,	 in	 par-
ticular	 the	 effect	 of	 the	 seasonal	 current	 flow	and	 the	high	bottom	
stress,	are	likely	to	be	factors	linked	to	the	isolation	of	Wy	from	the	




a	genetically	homogenous	group	 that	spans	 the	western	side	of	 the	




























4.3 | Integration across methods: example of RB and 
CS locations
Despite	the	overall	evidence	of	a	strong	genetic	break,	Bayesian	anal-
ysis	at	 the	 individual	 level	showed	that	RB	consisted	of	an	admixed	
population,	with	some	fish	having	genotypes	similar	to	CS	individuals	
(Table	5).	Ocean	 currents	 can	greatly	 influence	 recruitment	patterns	
of	organisms	 through	 the	dispersal	of	propagules	 (e.g.,	 Feutry	et	al.,	
2013).	 Modelling	 of	 water	 currents	 along	 the	 northern	 Australian	
coast	has	shown	that	 the	“Indonesian	Through	Flow”	 influences	 the	
major	seasonal	southward	surface	current	along	the	northern	Western	
Australia	coast	(known	as	the	“Holloway	Current”)	(D’Adamo,	Fandry,	









vae from CS would mainly drift northward but could still drift south-















acquire	 the	 local	 parasite	 and	otolith	 signature.	 If	 the	migrants	 arrived	
as	adults,	they	would	have	the	genetic	and	near	core	signatures	of	the	
source	population,	and	possibly	intermediate	parasite	fauna	composition.	











The	highly	complex	population	structure	of	P. diacanthus shown by this 
study	across	northern	Australia	emphasizes	the	likely	vulnerability	of	the	
species	 to	overfishing,	 and	 importantly,	 guides	 the	appropriate	 spatial	
scale	for	stock	assessment	and	fisheries	management.	In	particular,	the	
population	 genetics	 and	otolith	 and	parasites	 data	 suggest	 that	 stock	
assessments	and	fisheries	management	on	a	spatial	scale	of	as	little	as	
100	s	 of	 km	may	 be	 justified.	 Given	 genetic	 breaks	 among	 broad	 re-
gions,	it	is	unlikely	that	immigration	of	recruits	from	other	regions	would	





sites	may	be	 highly	 reliant	 on	 self-	recruitment	 for	 population	mainte-
nance	 and,	 therefore,	may	 be	 slow	 to	 recover	 once	 depleted.	Within	
the	Western	Australia	 fisheries	 management	 jurisdiction,	 RB,	 CS	 and	
Wy	were	genetically	distinct	from	each	other,	 indicating	that	 location-	
specific	stock	assessments	and	location-	specific	management	arrange-
ments for P. diacanthus	need	to	be	considered	by	fisheries	managers,	or	
alternatively	that	the	location-	specific	“stocks”	identified	are	considered	
within	assessment,	monitoring	and	management	frameworks.
Protonibea diacanthus	 is	 targeted	by	commercial,	 recreational	and	
indigenous	 fisheries,	 which	 makes	 population	 modelling	 challenging	
over	limited	spatial	scales	of	100	s	of	kms.	The	difficulty	with	modelling	
over	this	spatial	scale	is	the	logistical	challenges	associated	with	collect-
ing	matching	 stock-	specific	data	 such	as	 reproduction	 and	 spawning	
dynamics,	growth	rates,	exploitation	rates	and	natural	mortality.	This	
logistical	challenge	comes	with	a	significant	cost	burden.	These	factors	








the Northern Territory where a series of reef- scale closure areas have 
been	implemented	which	has	subsequently	shown	to	aid	the	recovery	






Significant	 spatial	 genetic	population	 structure	was	 supported	by	 finer	








uals.	Genetics	provides	 the	overall	 framework	 for	applying	ecological	
methods	and	provides	also	 considerable	 information	about	exchange	
between	 populations.	 Sensitive	 ecological	 methods,	 such	 as	 otolith	
chemistry	and	parasites,	provide	resolution	of	the	fine-	scale	spatial	sep-
aration	within	and	between	collection	locations,	but	are	unable	to	pro-
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